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ABSTRACT
The distance to the fireworks galaxy NGC 6946 is highly uncertain. Recent distance
estimates using the tip of the red giant branch of 7.7 to 7.8 Mpc are larger than the
distance commonly assumed for studying supernovae in this galaxy of 5.9 Mpc. Here
we use the high supernova rate of the galaxy to derive the star-formation rate and
predict the galaxy’s FUV flux. We also account for dust extinction by different methods
to derive a distance of 7.9±4.0 Mpc for NGC 6946. We then use the new distance to
re-evaluate the understanding of the supernova progenitors 2002hh, 2004et, 2017eaw,
the possible electron capture event 2008S and the possible black-hole forming event
N6946-BH1. For the latter two exotic events the new distance improves the consistency
between the observed progenitors and the stellar models that give rise to these events.
From our findings we strongly recommend that all future studies of NGC 6946 must
use the greater distance to the galaxy of 7.72 ± 0.32 Mpc of Anand et al. (2018).
Key words: galaxies: individual: NGC 6946 – galaxies: distances and redshifts –
stars: general – supernovae: general –
1 INTRODUCTION
Supernovae (SNe) are rare events in our own Galaxy with
only one or two expected in a century. Today most su-
pernovae are discovered in distant galaxies and in most
of these there is only one event per galaxy. There are
several galaxies that have two or more observed SNe
(Anderson & Soto 2013). The most extreme example is that
of NGC 6946, the “Fireworks” galaxy. There have been 10
observed core-collapse SNe since 1917 and recently a candi-
date core-collapse event with no SN luminous display due
to black-hole formation was discovered (Anderson & Soto
2013; Adams et al. 2017; Dong & Stanek 2017). This high
rate of SNe is unique and provides a novel avenue to place
a constraint on the star formation rate and distance to the
galaxy.
The rate of stellar death is closely linked to the rate
of stellar birth (e.g Xiao & Eldridge 2015; Xiao et al. 2018).
The time from when a massive star is born to when it may
explode in a core-collapse SNe ranges from 3Myrs to around
a few 100 Myrs (e.g. Zapartas et al. 2017). Therefore the rate
of observed core-collapse events can give an indication of the
star-formation rate of a galaxy over the last 100 Myrs. There
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are uncertainties but any result is still a robust lower limit on
the star-formation rate. It is a lower limit as any missed or
failed supernovae would imply a higher star formation rate
of a galaxy. If we use this star formation rate estimate we
can then predict the expected luminosity of the galaxy and
compare this to the observed (and dust corrected) luminosity
to arrive at a distance estimate.
From searching the NASA Extragalactic Database
(NED) we found distance estimates for NGC 6946 that range
from 4.020 to 12.700 Mpc, or distance moduli from 28.02 to
30.51. The significant uncertainty in distance makes it dif-
ficult to constrain the nature of the core-collapse SN pro-
genitors that have been observed in NGC 6946. These in-
clude the relatively normal IIP SNe 2002hh, 2004et and
2017eaw as well as the more unique events SN 2008S and
N6946-BH1. Most studies concerning these SNe assume
a distance calculated by Mould et al. (2000) of 5.9Mpc
(e.g. Smartt 2015; Adams et al. 2017; Kilpatrick & Foley
2018; Davies & Beasor 2018). However two recent mea-
surements made by studying the tip of the red giant
branch, Anand et al. (2018) and Murphy et al. (2018) found
the significantly greater distances of 7.72±0.32Mpc and
7.83±0.29Mpc. These distanes imply that all sources in the
galaxy are 0.24 dex, 70 per cent, brighter. Such a change in
luminosity has significant implications for the two unusual
© 2015 The Authors
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events, 2008S and N6946-BH1, whose previous luminosity
estimates were not consistent with model predictions.
In this paper we first demonstrate how the SN rate can
be used to provide a distance estimate to NGC 6946. We
then reanalyse the known SN progenitors in NGC 6946 with
the new distance before finally summarizing our findings.
2 DISTANCE FROM THE SUPERNOVA RATE
In Xiao & Eldridge (2015) we investigated the link between
the star-formation rate and SN rate in the galaxies of the
11HUGS survey (Lee et al. 2009). This was following similar
studies of Botticella et al. (2012) and Horiuchi et al. (2013)
but we considered the impact of interacting binaries on the
nature of the stellar populations using results from BPASS
v1.1 (Eldridge & Stanway 2012).
Recently we re-examined the data using the
latest BPASS v2.2 models (Eldridge et al. 2017;
Stanway & Eldridge 2018) and it became apparent that
one galaxy alone contributed a large number of SN to the
study but had an apparently low star formation rate, this
was NGC 6946. We broadened our study of this galaxy to
include all the core-collapse events that have been observed
within it.
For the SN rate we use the list of SN from
Anderson & Soto (2013) and supplement it with SN
2017eaw (Kilpatrick & Foley 2018) and N6946-BH1
(Adams et al. 2017). In the 102 years up to 2018 there have
been a total of 11 core-collapse events and thus a supernova
rate of 0.108±0.033yr−1 , assuming the errors in the counting
of the number of SNe is described by a Poisson distribution.
To convert these observed values into star formation
rates we take the average of the SN rate expected for
1 M⊙yr
−1 of star formation at the metallicities represen-
tative for NGC 6946 (metallicity mass fractions, Z=0.006,
0.008, 0.010, 0.014 and 0.020). This value is 0.0090±0.0002
events yr−1 for a star formation rate of 1 M⊙yr
−1 from our
fiducial BPASS v2.2 models. Using this value gives a star
formation rate of 12.1±3.7M⊙yr
−1.
From the same BPASS models we can also calculate
that log(LFUV/erg s
−1
M
−1
⊙ yr)=43.37±0.03. Thus we can es-
timate that the FUV luminosity of NGC 6946 should be
(2.8±0.9) × 1044 erg s−1.
The observed FUV luminosity of NGC 6946 is difficult
to estimate. There is significant foreground extinction as well
as the intrinsic extinction within the galaxy itself. One value
for the FUV luminosity was determined by Lee et al. (2009)
as 1.302×1044 erg s−1 at a distance of 5.9 Mpc, half our FUV
luminosity estimated from the SN rate. This value is equiva-
lent to an incident FUV flux of 3.13×10−8 erg s−1 cm−2. This
value includes a correction due to dust extinction based on
the observed Hα extinction.
To verify this luminosity we take the GALEX FUV
and NUV fluxes found on NED from Mun˜oz-Mateos et al.
(2009). We use the relations of Hao et al. (2011) to estimate
A(FUV) directly from the FUV-NUV colour and find a FUV
flux of 4.8±1.4×10−8 erg s−1 cm−2. While 53 per cent greater
than the Lee et al. (2009) value they are a similar order of
magnitude and suggest that there cannot be any more sig-
nificant dust extinction.
Using the above FUV fluxes we can arrive at two dis-
Table 1. The luminosity measurements, the distances used
and the initial mass estimates in the literature. We now
include our revised luminosity and initial mass estimates.
References: (1) Davies & Beasor (2018), (2) Smartt (2015),
(3) Kilpatrick & Foley (2018), (4) Botticella et al. (2009), (5)
(Adams et al. 2017).
SN µ log(L/L⊙) Mi/M⊙ Reference
2002hh 28.85±0.07 < 5.55+0.06 < 26.3+1.6 (1)
28.85±0.15 < 5.0 < 15 (2)
29.43±0.09 < 5.78+0.06 –
2004et 28.85±0.07 4.77 ± 0.07 10.7+0.9
−0.8
(1)
28.85±0.15 4.8 ± 0.2 12+3
−3
(2)
29.43±0.09 5.00 ± 0.1 14+1
−2
2017eaw 29.13±0.05 4.9 ± 0.2 12+3
−3
(3)
29.43±0.09 5.0 ± 0.2 14+3
−3.5
2008S 28.78±0.08 4.6 ± 0.3 – (4)
29.43±0.09 4.86 ± 0.3 7 ± 1
N6946 28.87 5.3 25 (5)
-BH1 29.43±0.09 5.5 ± 0.1 24+3
−3
tance estimates for NGC 6946. These are 8.7±2.7 Mpc for the
Lee et al. (2009) flux and 7.0±3.0 Mpc using our flux esti-
mate. Taking the mean we find a combined distance estimate
of 7.9±4.0 Mpc with the error on this distance is dominated
by the number of SN our rate is dependent on and the effect
of dust extinction. These values are agreement with those
found by Anand et al. (2018) and Murphy et al. (2018) and
greater than the distances usually assumed when studying
SN and their progenitors within NGC 6946. We therefore
strongly recommend that all future work must use a greater
distance than 5.9 Mpc with the distance of 7.72±0.32Mpc
from Anand et al. (2018) being the best to use.
3 RE-EVALUATING THE SUPERNOVA
PROGENITORS IN NGC 6946
3.1 SNe 2002hh, 2004et and 2017eaw
As mentioned by Anand et al. (2018) the greater distance to
NGC 6946 implies that all supernovae are brighter, this is
also true for all observed progenitor stars. We first consider
the three typical type IIP supernova progenitors. For these
progenitors an increased luminosity results in a larger ini-
tial mass estimates but the progenitors are still typical red
supergiants.
Previous studies of SNe 2002hh and 2004et in
Smartt (2015) and Davies & Beasor (2018) assumed a dis-
tance of 5.9 Mpc. While SN 2017eaw was studied in
Kilpatrick & Foley (2018) assuming a distance of 6.72 Mpc.
Taking a new distance of 7.72 Mpc this means for the su-
pernovae their luminosities should increase by 0.2 and 0.1
dex respectively. We show the luminosity increases and the
estimated masses in Figure 1 and Table 1.
For SN 2002hh in Davies & Beasor (2018) a pre-
explosion luminosity limit of log(L/L⊙) < 5.55 was derived
which at the new distance becomes a limit of log(L/L⊙) <
5.78. This increase means that there is now no constraint
MNRAS 000, 1–5 (2015)
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Figure 1. The BPASS initial stellar mass to final pre-SN luminosity relation for single stars models at a metallicity of Z = 0.010, suitable
for NGC 6946. The four panels are for four of the different core-collapse events in NGC 6946. We do not include 2002hh as the luminosity
limit is higher than all our theoretical luminosities. In the first panel for SN 2008S the first peak is due to the stars being super-AGB stars
that have gone through second dredge-up, with the models beyond the rapid decrease being red supergiant progenitors. The triangles are
binary models that would explode in a electron capture supernovae. The colour coding is representative of the expected ejecta mass of
each binary model at the time of explosion. The remaining panels show the mass-luminosity relation for red supergiants which we use the
luminosity to estimate the initial mass of the progenitor for the three observed progenitors. The coloured lines represent the luminosity
estimates based on previous distance estimates (orange or light blue) or our the new distance (red or dark blue). These are then used
to estimate the initial mass of the progenitor stars. The solid lines represent the best estimate while the dashed lines represent the 1σ
limits. In the second panel we include to vertical dotted lines to indicate the region where the remnants of the core collapse are neutron
stars (NS) or black holes (BH) with the region between being uncertain in their nature.
possible from this event. The limit is above the luminosity
of the brightest red supergiant models we have.
The progenitor star of SN 2004et was detected with
log(L/L⊙) = 4.8±0.1 in both previous studies which becomes
5.0±0.1 with the new distance. This changes the detected
mass from around 10-11M⊙ to 14
+1
−2
M⊙ .
Finally the observed progenitor of SN 2017eaw with the
updated distance is constrained to the same initial mass al-
though with larger errors, 14+3
−3.5
M⊙ .
We note that the increase of all these mass constraints
of the progenitors suggests a possible solution to the red su-
pergiant problem (e.g. Smartt 2015; Davies & Beasor 2018).
This is the supposed lack of massive red supergiant pro-
genitors above 20M⊙ . It could also explain why so many
type IIP progenitors have a luminosity near the minimum
luminosity expected from stellar models (e.g. Fraser et al.
2011). If there is a consistent underestimate of the distance
to the host galaxies this would lead to an underestimate
of the masses of SN progenitors. Combined with possibly
incorrect assumed bolometric corrections, as discussed by
Davies & Beasor (2018), we suggest it is possible that cur-
rent estimates of type IIP progenitor masses may be under-
estimates.
3.2 SN 2008S and N6946-BH1
The remaining two events for which progenitor constraints
exist are more unique events. For both of these events the
lower luminosities from the shorter distance do not match
their suspected nature when compared to BPASS models.
The new distance increases the observed luminosities and
these match the predicted BPASS models more closely.
SN 2008S is suspected to have been an electron cap-
ture SN, although is still debated (Botticella et al. 2009;
Kochanek 2011; Szczygie l et al. 2012; Moriya et al. 2014).
A key piece of evidence was evolution of the explosion that
suggested the SN was the result of an electron-capture core-
collapse of a oxygen-neon core in a super-asymptotic giant
branch (SAGB) star, rather than core-collapse of an iron
core of a red supergiant. The problem with this picture was
that the luminosity derived for the progenitor star was too
low to have been a SAGB star. SAGB stars are expected
to have luminosities of log(L/L⊙) 4.9 to 5.1 for single star
models as shown in Figure 1. Searching through our BPASS
binary star models for electron-capture SN progenitors we
found that luminosities down to log(L/L⊙) = 4.75 are possi-
ble but the majority of progenitors are above log(L/L⊙) = 5.
These high luminosities are due to the temperatures around
the compact oxygen-neon core being high leading to stronger
hydrogen burning compared to the cores of stars that do not
experience second dredge-up and remain as red supergiants
(Eldridge et al. 2007). Stars that have experienced binary
interactions have lower luminosities due to lower hydrogen
abundances and lower mass envelopes reducing the hydrogen
burning luminosity.
Using a distance of 5.7 Mpc the luminosity was de-
rived to be log(L/L⊙) = 4.6 ± 0.3 (Botticella et al. 2009).
With the greater distance the new luminosity the luminos-
ity is closer to log(L/L⊙) = 4.8 ± 0.3. This higher luminosity
overlaps will all predicted electron-capture BPASS electron-
capture SN models. In comparison the previous luminos-
ity only match a tenth of our electron-capture SN models.
Furthermore the models now closest to the best luminos-
ity estimate have an ejecta mass of only 1M⊙ . Such lower
ejecta masses do match with modelling of electron-capture
lightcurves by Moriya et al. (2014) as well as the fact that
the progenitor was enshouded in a dusty cocoon of material
that was lost close to the explosion.
If the SN was not a electron capture SN it would have
been the explosion of a 11M⊙ red supergiant. However 2008S
MNRAS 000, 1–5 (2015)
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has little in common with other such SN from progenitors
in this mass range (Smartt 2015; Davies & Beasor 2018). In
conclusion using the new distance to determine the lumi-
nosity of the progenitor we find it more likely than before
that SN 2008S was an electron capture event. It also was
likely to have been the result of a binary interaction which
was suggested by Podsiadlowski et al. (2004) to be the most
likely channel for such core-collapse events.
While SN 2008S is at the minimum mass for a core-
collapse supernovae, N6946-BH1 is at the maximummass for
a core-collapse of a red supergiant. This star was observed
to rapidly fade with a lightcurve that was in agreement
with a source powered by a feeding black hole (Adams et al.
2017). When the nature of the progenitor was examined
this study assumed a distance of 5.95 Mpc. Therefore again
this increases the suggested progenitor luminosity from
log(L/L⊙) = 5.3 to 5.5. As shown in Figure 1 this increase
in the luminosity implied a mass for the progenitor star or
24M⊙ that is above the predicted mass limit for the for-
mation of a black hole. This is also consistent with the
mass estimated from the surrounding stellar population by
Murphy et al. (2018). Again while it is only one event ten-
sion between the mass estimates for black hole formation
and the luminosity of the observed progenitor stars are re-
duced by this study. We note that this result is in agreement
with the work of Murphy et al. (2018).
4 CONCLUSIONS
We have re-evaluated the distance to NGC 6946. The value
of 5.9 Mpc is incorrect and should not be used in future
studies. We used the observed SN rate to estimate the star-
formation rate and thus the FUV luminosity of the galaxy.
Using the standard candel method to derive distances of
7.9±4.0 Mpc. This is consistent with the more recent dis-
tances estimated by Anand et al. (2018) and Murphy et al.
(2018) of 7.72±0.32Mpc and 7.83±0.29Mpc respectively.
We strongly recommend that all future studies concern-
ing NGC 6946 use the updated distance of 7.72±0.32Mpc
from Anand et al. (2018). Their distance is consistent with
the distance of Murphy et al. (2018) but Anand et al. (2018)
took additional steps to reduce contamination and is, there-
fore, preferred.
We re-evaluated the nature of the 5 progenitors of ob-
served core collapse events in NGC 6946 using the distance of
7.72±0.32Mpc. We found that the mass constraints change
significantly. The two most significant changes are, first, that
the observed progenitor of SN 2008S is now more consistent
with predictions for the progenitors of electron capture SNe.
We suggest that SN 2008S was an electron capture SN with
the progenitor having experienced a binary interaction be-
fore explosion. Second, the mass estimate for N6946-BH1 is
closer to 24M⊙ and agrees with the mass range for black hole
formation in the progenitor star. Further detection of simi-
lar disappearing stars will further refine our understanding
of the mass range at which we expect black hole formation
to occur at core-collapse. Although we note that the exact
mass range where stars produce black holes may be a chaotic
region and not simply described by a single mass range as
shown by Sukhbold et al. (2018) for example.
Finally we also suggest that the distance to other host
galaxies of SN progenitors are perhaps considered to be too
accurate and that any study where the result hinges sensi-
tively on the luminosity of a source to infer its nature should
not underestimate the inherent errors in distance measure-
ments.
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